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O B J E C T I V E S The purpose of this study was to evaluate the image quality and diagnostic accuracy of
very low-dose, dual-source computed tomography (DSCT) angiography for the evaluation of coronary stents.
B A C KG ROUND Iterative reconstruction (IR) leads to substantial reduction of image noise and
hence permits the use of very low-dose data acquisition protocols in coronary computed tomography
angiography.
METHOD S Fifty symptomatic patients with 87 coronary stents (diameter 3.0 0.4 mm) underwent
coronary DSCT angiography (heart rate, 60  6 beats/min; prospectively electrocardiography-
triggered axial acquisition; 80 kV, 165 mA, 2  128  0.6-mm collimation; 60 ml of contrast at 6 ml/s)
before invasive coronary angiography. DSCT images were reconstructed using both standard ﬁltered
back projection and a raw data–based IR algorithm (SAFIRE, Siemens Healthcare, Forchheim, Germany).
Subjective image quality (4-point scale from 0 [nondiagnostic] to 3 [excellent image quality]), image
noise, contrast-to-noise ratio as well as the presence of in-stent stenosis 50% were independently
determined by 2 observers.
R E S U L T S The median dose-length product was 23.0 (22.0; 23.0) mGy · cm (median estimated
effective dose of 0.32 [0.31; 0.32] mSv). IR led to signiﬁcantly improved image quality compared with
ﬁltered back projection (image quality score, 1.8 0.6 vs. 1.5 0.5, p 0.05; image noise, 70 Hounsﬁeld
units [62; 80 Hounsﬁeld units] vs. 96 Hounsﬁeld units [82; 113 Hounsﬁeld units], p  0.001;
contrast-to-noise ratio, 11.0 [9.6; 12.4] vs. 8.0 [6.2; 9.3], p 0.001). To detect signiﬁcant coronary stenosis
in ﬁltered back projection reconstructions, the sensitivity, speciﬁcity, positive predictive value, and
negative predictive value were 97% (32 of 33), 53% (9 of 17), 80% (32 of 40), and 90% (9 of 10) per
patient, respectively; 89% (43 of 48), 79% (120 of 152), 57% (42 of 74), and 96% (121 of 126) per vessel,
respectively; and 85% (12 of 14), 69% (51 of 73), 32% (11 of 34), and 96% (51 of 53) per stent, respectively.
In reconstructions obtained by IR, the corresponding values were 100% (33 of 33), 65% (11 of 17), 85%
(33 of 39), and 100% (11 of 11) per patient, respectively; 96% (46 of 48), 84% (129 of 152), 66% (47 of
71), and 98% (127 of 129) per vessel, respectively; and 100% (14 of 14), 75% (55 of 73), 44% (14 of 32),
and 100% (55 of 55) per stent, respectively. These differences were not signiﬁcant.
CONC L U S I O N S In selected patients, prospectively electrocardiography-triggered image acquisition
with 80-kV tube voltage and low current in combination with IR permits the evaluation of patients with
implanted coronary artery stents with reasonable diagnostic accuracy at very low radiation exposure. (J Am
Coll Cardiol Img 2013;6:458–65) © 2013 by the American College of Cardiology Foundation
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emporal and spatial resolution of computed
tomography (CT) has improved substantially
during the past decade. Although applications
of coronary CT angiography have become
ore widespread, the clinical utility of coronary CT
ngiography to identify in-stent stenosis remains
uestionable. This is partly due to the wide range of
ensitivity (between 86% and 95% in recent studies)
nd specificity (between 84% and 98%) as well as
he often low positive predictive value in published
omparisons between CT angiography and invasive
oronary angiography (1–6). In addition, the radi-
tion exposure associated with coronary CT an-
iography remains of concern (7,8). New image
cquisition protocols, such as the use of prospec-
ively triggered axial acquisition, and advanced it-
rative image reconstruction techniques permit sub-
tantial reductions in radiation exposure (9–13).
terative reconstruction (IR) may furthermore im-
rove image quality (14–16).
Low-dose coronary CT angiography with IR has
een demonstrated to allow high accuracy for the
etection of coronary artery stenoses, but its value
or the identification of in-stent stenosis has so
ar not been assessed. We therefore investigated a
eries of 50 patients with previously implanted
oronary artery stents, scheduled for invasive
oronary angiography, who underwent dual-
ource CT (DSCT) coronary angiography before
nvasive catheterization.
M E T H O D S
Patient population. Fifty consecutive patients with
previous coronary stent implantation (87 stented
lesions) referred for invasive coronary angiography
due to suspected progression of coronary artery
disease were included in the study.
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September 14, 2012, accepted October 1, 2012.Patients with impaired renal function (serum
creatinine 1.5 mg/dl), with known allergy to a
contrast agent, or who were possibly pregnant as
well as patients in non–sinus rhythm or acute
coronary syndromes were not included in the study.
Stent-specific exclusion criteria were previous stent-
in-stent implantation and previous stent implanta-
tion in bifurcation lesions or bypass grafts. All
included patients gave written informed consent,
and the study was approved by the institutional
review board.
All patients with a heart rate 65 beats/min
received 100 mg of atenolol orally 45 to 60 min
before the DSCT examination. If the heart rate in
inspiration remained 65 beats/min at the time of
the scan, as many as 4 doses of 5 mg metoprolol
were given intravenously to reach a target heart rate
60 beats/min. Patients who did not reach the
target heart rate were not excluded. All patients
received 0.8-mg isosorbide dinitrate sub-
lingually before DSCT examination.
DSCT data acquisition. All patients were
examined while in the supine position
during inspiratory breath-hold using a
DSCT system (Somatom Definition
Flash, Siemens Healthcare, Forchheim,
Germany) with a gantry rotation time of
0.28 s. Tube voltage was set to 80 kV, and
tube current was 165 mA. DSCT datasets
were simultaneously acquired in 2  128
slices with 0.6-mm collimation. Scan
direction was craniocaudal, and the scan
volume ranged from the mid pulmonary
artery to below the diaphragmatic face of
the heart. In all patients, a prospectively
electrocardiography (ECG)-triggered axial scan
mode was used, triggered at 70% of the R-R
interval, with no “padding,” which would allow for
reconstruction of datasets at other time points
within the cardiac cycle.
After placing an 18-gauge intravenous access
antecubitally for all patients, contrast agent circula-
tion time (iopromide, 370 mg iodine/ml, Schering,
Berlin, Germany) was assessed by application of a
test bolus of 10 ml followed by a saline flush of 50
ml at a flow rate of 6 ml/s using a dual-head power
injector (CT Stellant, Medrad Inc., Indianola,
Pennsylvania). The circulation time was defined by
the time between the start of the contrast agent
injection and the maximal enhancement in the
ascending aorta above the coronary ostia. For an-
giographic CT data acquisition, a delay that was 2 s
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460volume of contrast agent injected for the scan was
60 ml using a flow rate of 6 ml/s followed by a
50-ml saline chaser bolus that contained 20% of
contrast agent (6 ml/s flow rate).
Image reconstruction. Image reconstruction was per-
formed using both standard filtered back projection
(FBP) and IR techniques. For IR, a sinogram-
affirmed IR approach (SAFIRE, Siemens Healthcare)
was used that applies a noise-modeling technique
based on the original raw data. For both FBP and IR,
a sharp reconstruction kernel (B46f and I46f), a slice
thickness of 0.6 mm, and an increment of 0.4 mm
were used. Subsequently, the reconstructed image
datasets were transferred to an image-processing
workstation (Leonardo, Siemens Healthcare) for fur-
ther evaluation.
Assessment of image quality. To assess the image
uality after FBP and IR, both subjective and
bjective parameters were evaluated by 2 indepen-
ent observers who were not made aware of
hether the dataset was reconstructed by IR or
BP. First, subjective image quality was assessed
fter FBP and IR using a 4-point rating score (3 
xcellent image quality without any artifacts; 2 
cceptable image quality, not compromising diag-
ostic vessel assessment; 1  nondiagnostic image
uality for single segments within 1 coronary artery;
 nondiagnostic image quality for multiple seg-
ents within 1 coronary artery). This rating score
as first applied on each coronary artery and sub-
equently referred to as a mean value of all 4 major
oronary arteries (left main artery [LM], left ante-
ior descending artery [LAD], left circumflex artery
LCX], and right coronary artery [RCA]). To
btain objective parameters of image quality of the
roximal coronary arteries, image noise and contrast
f the proximal coronary arteries as well as contrast-
o-noise ratios were determined for both recon-
truction methods (FBP and IR) according to
reviously described methods (17,18). Image noise
as defined as the SD of CT density in a region of
nterest (ROI) placed in the aortic root. To account
or anatomic differences between patients, the ROI
as chosen as large as possible, while carefully
voiding inclusion of the aortic wall to prevent
artial volume effects. In a standardized fashion, the
OI was placed immediately cranial to the left
oronary ostium. Attenuation (signal) within the
umen of the proximal coronary arteries was mea-
ured by placing ROIs centrally in the LM, LAD,
CX, and RCA. The size of the ROIs in the
roximal coronaries were chosen again as large as
ossible without including parts of the coronary aessel wall. To determine proximal vessel contrast,
he CT attenuation in the connective tissue was
easured by placing ROIs immediately next to the
essel contour and subsequently determining the
ifference in CT attenuation between the vessel
umen and surrounding tissue. Individual contrast
alues for each patient were determined by calcu-
ating the mean contrast values of all 4 coronary
rteries ([LM  LAD  LCX  RCA]/4). The
ontrast-to-noise ratio was determined by dividing
he mean contrast value by image noise.
Assessment of diagnostic accuracy. One independent
xperienced observer unaware of the DSCT results
nalyzed the patients’ invasive coronary angiograms.
ny luminal narrowing of 50% diameter stenosis
ithin a stent as well as in native coronary segments
as defined as a significant stenosis. Two standard-
zed projections of the RCA were acquired as well
s 4 views of the left coronary artery. If necessary,
dditional projections were acquired to achieve at
east 2 orthogonal projections of each coronary
egment. Two independent observers unaware of
he results of the invasive angiography evaluated the
SCT datasets after both FBP and IR in random
rder with respect to the presence of a significant
tenosis in native coronary segments as well as in
oronary stents by visual assessment (Figs. 1 and 2).
f coronary segments or vessels were rated unassess-
ble (image quality score, 0 to 1), they were con-
idered positive (i.e., showing a significant coronary
tenosis). Subsequently, results of coronary DSCT
ngiography were compared with those of the
nvasive angiography.
Estimation of radiation dose. The estimation of the
ffective radiation dose associated with the CT
xamination was based on the dose-length product
nd calculated with the following formula using a
hest-specific conversion coefficient: dose-length
roduct (mGy  cm)  0.014 (mSv  mGy1 
m1) (19).
Statistical analysis. Statistical analyses were per-
formed using SPSS software version 19.02 (SPSS,
Inc., Chicago, Illinois). All continuous variables
(patient characteristics, radiation dose, image qual-
ity parameters) are expressed as mean  SD or
edian (25th to 75th percentiles) and compared
sing an independent Student t test for normally
istributed data or a Mann-Whitney U/Wilcoxon
est for non-normally distributed data. Values of
 0.05 were considered statistically significant for
ll data analyses.
Sensitivity, specificity, positive predictive value,nd negative predictive value for the detection of
c
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461significant in-stent restenosis (50% lumen nar-
rowing) were calculated for both the FBP and IR
techniques. In addition, a per-patient–based anal-
ysis was performed (all unassessable stents were
regarded as having in-stent restenosis by DSCT).
Sensitivity, specificity, and positive and negative
predictive values were also calculated separately for
each coronary artery: LM stem, LAD, LCX, and
RCA. The diagnostic accuracy of each reconstruc-
tion algorithm (FBP and IR) was calculated using
the invasive catheterization as the reference
method. The diagnostic accuracy of FBP and IR
was compared with the use of chi-square statistics.
R E S U L T S
All 50 coronary DSCT angiography examinations
in 9 female and 41 male patients were successfully
completed. Patient and scan characteristics are
shown in Table 1. The use of prospectively ECG-
triggered axial acquisition with a low tube voltage
(80 kV) and low tube current (165 mA) resulted in
a median dose-length product of 23.0 mGy · cm
(22.0; 23.0 mGy · cm), which corresponds to a
median estimated effective radiation dose of 0.32
mSv (0.31; 0.32 mSv) only. Forty-one of 50 patients
(82%) received beta-blockers, and the heart rate during
CT acquisition in the entire cohort was 60  6
beats/min. The stent diameter of all 87 evaluated
stents was 3.0  0.4 mm (range 2.5 to 4.0 mm).
Thirty-seven of 87 stents were bare-metal stents
(Coroflex Blue, Braun AG, Melsungen, Germany),
and 50 of 87 stents were drug-eluting stents (En-
deavor, Medtronic, Minneapolis, Minnesota) (for
further stent characteristics, see Tables 1 and 2).
The application of IR resulted in both a significant
improvement of subjective and objective image quality
parameters compared with traditional FBPs (Table 3).
After use of IR, the subjective image quality score
increased from 1.5  0.5 points to 1.8  0.6 points
(p  0.05). Although the contrast was not signifi-
antly different between FBP and IR, there was a
ignificant difference of the contrast-to-noise ratios
Table 3). This improvement was due to a substantial
eduction in image noise by IR compared with FBP
median values, 70 [62; 80] HU for IR vs. 96 [82; 113]
U for FBP; p  0.001).
Objective parameters of image quality showed sig-
nificantly better values after IR. However, the overall
diagnostic accuracy to detect in-stent restenosis was
only slightly and not significantly higher after IRFigure 1. Example of the Presence of In-Stent Restenosis
(3.0-mm Diameter Bare-Metal Stent [Coroﬂex Blue,
Braun Vascular Systems, Berlin, Germany])
(A) Filtered back projection dataset with curved multiplanar
reconstruction of the right coronary artery (RCA). Diagnosis:
the presence of signiﬁcant in-stent restenosis. (B) Iterative
reconstruction dataset with curved multiplanar reconstruction
of the RCA. Diagnosis: the presence of signiﬁcant in-stent
restenosis. Boxed areas clarify the stented segments, arrows
indicate the in-stent restenosis. (C) Corresponding invasive
angiogram showing signiﬁcant luminal narrowing (50%,(Table 2). Altogether, 26 stents (30%) after FBP and
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462Figure 2. Example of the Absence of In-Stent Restenosis (2 3.0-mm Diameter Bare-Metal Stents [Coroﬂex Blue, Braun Vascular Systems, Berlin, Germany])
(A, C) Filtered back projection dataset with curved multiplanar reconstruction of the left anterior descending artery (LAD) and left circumﬂex artery (LCX). Diag-
nosis: no signiﬁcant in-stent restenosis. (B, D) Iterative reconstruction dataset with curved multiplanar reconstruction of the LAD and LCX. Diagnosis: no signiﬁ-
cant in-stent restenosis. Boxed areas clarify the stented segments, arrows indicate the nonobstructive stent lumen. (E, F) Corresponding invasive angiogram
conﬁrming the absence of signiﬁcant luminal narrowing within the stents (arrows).
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46322 stents (25%) after IR were rated unassessable (no
significant difference between FBP and IR) and
were therefore classified as having significant in-
stent restenosis for further study analysis. Fourteen
of 87 stents showed significant in-stent restenosis in
invasive coronary angiography. Twelve of all 14
Table 2. Diagnostic Accuracy for the Detection of Signiﬁcant In
Projection and Iterative Reconstruction Compared With Invasiv
Accuracy F
Patient-based analysis
Sensitivity
Speciﬁcity
PPV
NPV
Vessel-based analysis
Sensitivity
Speciﬁcity
PPV
NPV
Stent-based analysis
Sensitivity
Speciﬁcity
PPV
NPV
Unassessable stents
Mean diameter of assessable stents, mm
Mean diameter of unassessable stents, mm
Unassessable bare-metal stents
Unassessable drug-eluting stents
Values are % (n/N) [95% CI], n (%), or mean  1 SD. Filtered back projection ve
Table 1. Patient, Scan, and Stent Characteristics
Patient and Scan Characteristics
No. of patients 50
Female patients 9 (18)
Age, yrs 63 10
Mean heart rate, beats/min 60 6
Body mass index, kg/m2 28.2 3.4
Scan length, mm 137.4 (137.4–137.4)
Dose-length product, mGy · cm 23.0 (22.0–23.00)
Estimated effective dose, mSv 0.32 (0.31–0.32)
Stent Characteristics
Total no. of stents 87
Mean no. of stents per patient 1.8 0.8
No. of BMSs* 37 (47)
No. of DESs† 50 (63)
Mean diameter of all stents, mm 3.0 0.4
Values are n, n (%), mean  1 SD, or median (25th to 75th percentiles).
*Coroﬂex Blue (strut thickness 65 m), Braun AG, Melsungen, Germany.
†Endeavor (strut thickness 91 m), Medtronic, Minneapolis, Minnesota.
BMS  bare-metal stent(s); DES  drug-eluting stent(s).NPV  negative predictive value; PPV  positive predictive value.in-stent restenoses could be correctly identified on
DSCT after FBP and all 14 in-stent restenoses after
IR (Fig. 1), resulting in a sensitivity and specificity
of 85% and 69%, respectively, after FBP and 100%
and 75%, respectively, after IR for the detection of
in-stent stenosis. This trend toward improvement
of diagnostic accuracy could also be observed in
patient- and vessel-based analyses. Although FBP
showed a sensitivity and specificity of 97% and 53%,
respectively, for identifying patients with at least 1
significant coronary stenosis (including in-stent re-
stenosis), IR showed corresponding values of 100%
and 65%, respectively. On a vessel-based analysis,
FBP and IR showed a sensitivity and specificity of
89% and 79% versus 96% and 84%, respectively.
nt Restenosis After Reconstruction Using Filtered Back
theterization
ed Back Projection Iterative Reconstruction
(32/33) [84–100] 100 (33/33) [89–100]
(9/17) [28–77] 65 (11/17) [28–86]
(32/40) [64–91] 85 (33/39) [70–94]
(9/10) [56–100] 100 (11/11) [72–100]
(43/48) [78–97] 96 (46/48) [86–100]
(120/152) [72–85] 84 (129/152) [78–90]
(42/74) [45–69] 66 (47/71) [54–78]
(121/126) [91–99] 98 (127/129) [95–100]
(12/14) [57–98] 100 (14/14) [77–100]
(51/73) [58–80] 75 (55/73) [64–85]
(11/34) [20–54] 44 (14/32) [26–62]
(51/53) [87–100] 100 (55/55) [94–100]
26 (30) 22
3.2 0.3 3.2 0.3
2.7 0.2 2.6 0.2
8/37 (22) 8/37 (22)
18/50 (36) 14/50 (28)
iterative reconstruction: no signiﬁcant differences according to chi-square test.
Table 3. Comparison of Image Quality Between Filtered Back
Projection and Iterative Reconstruction
Comparison of
Image Quality
Filtered Back
Projection
Iterative
Reconstruction p Value
4-point rating score 1.5 0.5 1.8 0.6 0.05
Noise, HU 96 (82–113) 70 (62–80) 0.001
Contrast, HU 742 (654–877) 783 (707–848) NS
CNR 8.0 (6.2–9.3) 11.0 (9.6–12.4) 0.001
Values are mean  1 SD or median (25th to 75th percentiles).
CNR  contrast-to-noise ratio.-Ste
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464D I S C U S S I O N
The present study demonstrates the feasibility of
very low-dose CT angiography with use of IR to
reliably rule out in-stent restenosis with a high
sensitivity and negative predictive value, whereas
false-positive diagnoses occur more frequently. As
previously shown for the evaluation of coronary
artery disease (15,20–22), the use of IR allows a
significant reduction of radiation exposure while
maintaining diagnostic accuracy. In the present
study, the combination of low-dose data acquisition
(prospectively ECG-triggered scan, 80 kV, 165
mA) along with IR led to a median estimated
effective radiation dose of as little as 0.3 mSv.
Compared with images obtained by standard FBP,
IR led to a significant improvement of subjective
and objective image quality, mainly through the
reduction of image noise.
Compared with previous studies that evaluated
coronary CT angiography for the detection of
in-stent restenosis (1,4,5), IR in the present study
shows comparable sensitivity and negative predic-
tive value, but somewhat lower specificity, positive
predictive value, and number of assessable stents
(26% after IR and 30% after FBP). Obviously, the
approach of low-dose data acquisition leads to
reduced image quality despite subsequent IR, re-
sulting in more false-positive diagnoses. Further-
more, the inclusion of stents with smaller diameters
(3.0 mm) might have had an additional negative
mpact on diagnostic accuracy because smaller stent
iameters often lead to false-positive diagnoses or
esult in unassessable datasets (2). Considering the
igh rate of unassessable stents, even after IR (25%),
oronary CT angiography in patients after previous
tent implantation remains problematic and should
ot be recommended on a general basis, especially in
tents with smaller diameters. All the same, the ability
f coronary CT angiography to reliably rule out
n-stent restenosis seems to be maintained. Especially
n larger stents, the approach described here may be a
linically feasible one.
The present study was conducted to evaluate IR
s a way to lower the radiation dose in CT angiog-
aphy for the detection of in-stent restenosis. The
otential value of IR to enhance diagnostic accuracy
n standard acquisitions with higher doses has not
een addressed. In this context, other investigators
eport an improved diagnostic performance of high-
esolution coronary CT angiography for the evalu-
tion of coronary stents by the use of IR in ex vivo
tudies (23). The investigators used IR as a way to gecrease noise and partial volume effects in high-
esolution images, but not as a way to allow diag-
ostic image quality in noisy, low-dose datasets. IR
s a tool to enhance image resolution also seems to
mprove diagnostic performance of coronary CT
ngiography in patients with severely calcified cor-
nary arteries (20).
Study limitations. First, we also included stents with
diameters 3.0 mm, which might have affected
specificity and positive predictive value. It is not
known whether the rate of false-positive diagnoses
would have been lower if only larger stents were
included for study analysis. Second, we report about
a rather small patient population (n  50) because
the study was conducted as a feasibility study of very
low-dose coronary CT angiography for the evalua-
tion of coronary stents. In a larger population, the
difference between IR and FBP in the accuracy of
stenosis detection may have become significant.
Third, even though it was not specifically commu-
nicated to the observers whether the dataset for
analysis was obtained by IR or FBP, the typical
appearance of the reconstructed images did not
permit true blinding. Therefore, bias, especially
concerning subjective rating of image quality, may
have been present. Fourth, by using a very low-dose
approach leading to significant noise in the datasets,
the potential advantages of IR might have been
obscured. One might imagine that the use of IR in
normal-dose coronary CT angiography might have
led to a more significant improvement of stent
visualization by reducing blooming artifacts and
possibly leading to a lower number of unassessable
stents. Future studies will be required to not only
compare IR and FBP reconstructions of the same
low-dose datasets, but also to elucidate the potential
role of IR to enhance diagnostic accuracy to detect
in-stent restenosis in normal-dose scans.
C O N C L U S I O N S
Our study for the first time demonstrates the ability
to perform coronary CT angiography for the detec-
tion of in-stent stenosis at extremely low radiation
exposure. IR leads to a significant improvement of
image quality, mainly by reducing image noise.
Further studies will be necessary to fully explore the
clinical utility of this concept and to clarify the role
of IR in datasets acquired at higher doses.
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